This study investigated the role of the sugar transporter OsSWEET11 during the early stage of rice caryopsis development using b-glucoronidase (GUS) to represent its expression, together with clustered regularly interspaced short palindromic repeats-CRISPR-associated protein 9 (CRISPRCas9)-mediated knockout, cross-fertilization and RNA sequencing (RNA-seq) analyses. The results showed that OsSWEET11 was expressed strongly in developing caryopsis, particularly in the ovular vascular trace, nucellar epidermis and cross cells. The knockout of OsSWEET11 significantly decreased the sucrose concentration in the mutant embryo sacs and led to defective grain filling compared with that of the wild-type (WT) plant. Moreover, the expression of 2,549 genes in the mutant caryopsis was affected. The grain weight and seed setting percentage were also decreased in the mutants. The cross-fertilization of the mutant and WT rice revealed that the mutated maternal donor induced defective grain filling. These results strongly suggested that OsSWEET11 played an important role in sucrose release from maternal tissue to the maternal-filial interface during the early stage of caryopsis development. It might also induce sucrose release from the ovular vascular trace and cross cells of developing caryopsis. These findings bridge the gap in the understanding of post-phloem sugar transport during the early stage of rice caryopsis development.
Introduction
Most cereal crops such as rice, maize and wheat store their nutrients as starch in the endosperm (Yoshida 1972) . As a result, endosperm development is a critical step in grain filling, which largely determines the crop yield (Jenner 1974 , Jenner 1976 .
Endosperm cells accumulate sugar from their environment for the synthesis of starch (Singh and Juliano 1977) . In angiosperms, maternal tissues including the pericarp, testa and nucellus are isolated symplastically from filial tissues including the endosperm and embryo (Patrick and Offler 2001, Wu et al. 2016 ). This suggests that maternal sugar, mostly in the form of sucrose, is first released or secreted into the apoplastic interface before being transported into adjoining filial cells by active uptake. Both the release and uptake of sugar require it to traverse the plasma membrane. In rice, the nucellus, which is composed of >10 cell layers abutting the filial aleurone layer during the early stages of caryopsis development, is proposed to be a transport tissue Gates 1981a, Oparka and Gates 1981b) . Most layers of the nucellus degenerate shortly after anthesis or pollination except for the nucellar epidermis (Oparka and Gates 1981a; Gates 1981b, Wu et al. 2016) . As a result, the nucellar epidermis, the abutting aleurone layer and the apoplast between them constitute the maternalfilial interface most often.
At the interface, sucrose is imported from the apoplast into the filial tissues of rice caryopsis via proton-sucrose symporters, such as OsSUT1/3/4, located on the plasma membrane of aleurone cells (Furbank et al. 2001 , Ishimaru et al. 2001 , Scofield et al. 2002 , Bai et al. 2015 . The mechanism of sucrose export from the maternal tissue to the apoplast remains unclear. Previous studies suggested that sucrose was released from the plasma membrane of the nucellar epidermis via diffusion or leakage in rice (Oparka and Gates 1981a , Oparka and Gates 1981b , Ellis and Chaffey 1987 . Fisher (1994, 1995) proposed that sucrose efflux from wheat nucellar cells into the endosperm cavity was mediated by carriers during the transport independently of energy and metabolism. The molecular identities of these carriers for cereals are yet to be reported (Zhang et al. 2007, Kühn and Grof 2010) .
In addition to the mechanism of sucrose efflux at the maternal-filial interface, sucrose release from the vascular strand of developing rice caryopsis is also unclear. Transmission electron microscopy and other methods revealed that the symplastic transport via plasmodesmata is the primary pathway between the sieve element (SE) and companion cell (CC), as well as between the CC and parenchyma (Turgeon and Wolf 2009 ). However, the presence of invertase in the cell wall of the ovular vascular trace , Wang et al. 2008 implies that an apoplastic pathway for sucrose transport exists as well, although the detailed mechanism is not known.
Recently characterized SWEETs, a family of membrane proteins, mediate sugar efflux or influx depending on substrate concentrations across the membrane (Chen et al. 2010 ). In 2012, Chen et al. reported that AtSWEET11 and AtSWEET12, two sucrose transporters belonging to the SWEET family, played an important role in sucrose efflux from parenchyma to the apoplastic interface before sucrose was loaded into the SE-CC complex of phloem in the small veins of Arabidopsis leaves. In 2015, they further reported that AtSWEET11, which probably worked as a sugar efflux transporter in the nucellar epidermis, together with AtSWEET12 and AtSWEET15, was involved in Arabidopsis seed development.
As a homolog of Arabidopsis AtSWEET11, OsSWEET11 (also designated as Os8N3 and Xa13) was first characterized as a pathogen-responsive allele in rice leaves (Yang et al. 2006 , Antony et al. 2010 , Chen et al. 2010 , Yuan et al. 2010 . It was also found to be essential for pollen development in rice cultivar Zhonghua 11 and Kitake (Chu et al. 2006 , Yang et al. 2006 . Later, the sucrose and glucose transport activities of OsSWEET11 were identified in human and animal cells (Chen et al. 2012 ). However, under normal growth conditions, the expression of OsSWEET11 was very weak in leaves of rice cultivars IRBB13 and IR24 (Chu et al. 2006) . In contrast, it was expressed strongly in the developing caryopsis of Nipponbare (http://ricexpro.dna.affrc.go.jp/). Moreover, RNA interference (RNAi) of OsSWEET11 rice lines seriously decreased fertility (Chu et al. 2006 , Yang et al. 2006 .
The present study demonstrated that OsSWEET11 was expressed widely during the early stage of rice caryopsis development and was particularly abundant in the nucellar epidermis, ovular vascular trace and cross cells. OsSWEET11 mutants showed defective grain filling. The sucrose concentration in the embryo sac of the mutants decreased significantly compared with wild-type (WT) rice. RNA sequencing (RNA-seq) analysis showed that the hydrolase activity and cellular biosynthetic process-related expression of genes were affected in the mutant caryopsis. Moreover, knockout of the gene decreased grain weight and seed setting percentage, and delayed seed maturation slightly. The cross-fertilization of the mutant and WT rice revealed that the mutated maternal donor led to defective grain filling. These results strongly suggest that OsSWEET11 plays an important role in sucrose efflux from the nucellar epidermis at the maternal-filial interface. It also facilitated sucrose efflux from the phloem of the ovular vascular trace to the apoplast of the adjacent parenchyma, during the early stage of rice caryopsis development, which is not clearly understood until now.
Results

OsSWEET11 expressed abundantly in developing rice caryopsis
Previous studies showed that the promoter sequences of Xa13 (OsSWEET11) varied among different rice cultivars although they controlled the expression of an identical protein (Chu et al. 2006 ). This suggests that OsSWEET11 manifests diverse expression patterns in different rice cultivars. The qRT-PCR analysis ( Fig. 1) showed that OsSWEET11 was expressed strongly in the caryopsis of rice cultivar Nipponbare during the early stages of development after anthesis. Moreover, it was also expressed in the sheath, leaf blade, basal stem and anther at marginal levels. No expression was detected in the root of 6-week-old rice plants. The expression pattern was consistent with the Affymetrix chip-based gene expression profile (http://ricexpro.dna.affrc.go.jp/) which shows that OsSWEET11 was expressed weakly in leaf sheath, stem, inflorescence, anther, pistil, palea and lemma, while it was expressed very abundantly in ovary and endosperm. The present result is also consistent with the expression profile of Xa13 (OsSWEET11) in IRBB13 and IR24 rice lines (Chu et al. 2006 ).
Expression of OsSWEET11 in developing rice caryopsis
Fluorescence of OsSWEET11-enhanced green fluorescent protein (EGFP) fusion protein on the plasma membrane of the tobacco leaf pavement cells ( Supplementary Fig. S1 ) reinforced the results in rice Zhonghua 11 protoplasts (Chu et al. 2006) and human cells (Chen et al. 2010) . Histochemical analysis of pOsSWEET11::GUS (b-glucuronidase) expression in four independent transgenic lines showed that OsSWEET11 promoter activity was widely observed ( Fig. 2A-E ) in rice caryopsis at 5 days after pollination (DAP), and especially strongly in the nucellar epidermis, cross cells and ovular vascular trace ( Fig.  2B-D) . In the caryopsis (5 DAP) of transgenic rice expressing GFP driven by the OsSWEET11 native promoter, GFP fluorescence was observed in these tissues mentioned above ( Supplementary Fig. S2 ). Strong GFP fluorescence in the outer layers of the pericarp and ovular vascular trace in Supplementary Fig. S2 was probably the cell wall autofluorescence of these tissues considering that GUS staining represented the promoter activity of OsSWEET11 in Fig. 2 . Notably, the pigment strand cells (indicated by black arrowheads in Fig. 2B and D) showed obviously weaker GUS activity compared with the adjacent vascular parenchyma and multiple aleurone layers, suggesting that the assimilation via transmembrane transport across pigment strand cells was obstructed (Oparka and Gates 1981a) . In the ovular vascular trace, GUS expression was observed in the parenchyma of both the xylem and phloem. It was also expressed in the CCs, but not in the SE of phloem (Fig. 2E) , although the SE contained the highest concentration of sucrose probably to 20% (Crafts and Crisp 1971, Wardlaw 1974) . In contrast, CCs and their surrounding parenchyma showed strong GUS activity (Fig. 2D, E) .
Moreover, GUS activity was observed in the endosperm cells ( Fig. 2B-D) , in the florets including the anther and ovary, very strongly in the pedicel of spikelets and slightly in the root of 7-day-old seedlings ( Fig. 2F-H) . Transcript of OsSWEET11 was not detected in the root of 6-week-old rice (Fig. 1) , while GUS, representing OsSWEET11 promoter activity, was observed in 7-day-old seedlings ( Fig. 2H) , suggesting that the gene expression was attenuated during development.
OsSWEET11 mutants displayed aberrant grain filling
Using the CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR-associated protein 9) system (Jiang et al. 2013 , Miao et al. 2013 , we obtained more than five independent OsSWEET11 transgenic knockout rice lines with similar phenotypes. The knockout lines m11-2 and m11-3 derived from Spacer 3 and m11-18 from Spacer 2 were selected for further investigation. Both m11-2 and m11-3 showed more than one nucleotide deletion, while m11-18 contained only a single nucleotide insertion compared with the OsSWEET11 gene ( Supplementary Figs. S3, S4 ). All three mutant lines encode frameshifted proteins with only the first two or three transmembrane helices predicted by TMHMM ( Supplementary  Fig. S4 ). The deletions and insertion occurred in the target DNA regions, and fragment amplifications of mutant lines were performed using a high-fidelity polymerase. Most importantly, they showed aberrant phenotypes similar to previously reported OsSWEET11 RNAi lines (Yang et al. 2006 , Chu et al. 2006 , suggesting that m11-2, m11-3 and m11-18 were genuine OsSWEET11 mutants. To exclude the possibility that these phenotypes were the mistargeting effect of the CRISPR-Cas9 editing, we checked the DNA sequence of OsSWEET14 [which shares the highest (48.54%) nucleotide identity with OsSWEET11 among rice SWEET genes] in the mutant lines and confirmed that the OsSWEET14 gene was intact ( Supplementary Fig. S5 ).
Consistent with the weak expression of OsSWEET11 in rice tissues during vegetative growth ( Fig. 1) , the three selected mutant lines were not significantly different from the WT rice before anthesis except that the germination and growth of the mutant seeds were slightly delayed ( Supplementary Fig. S6 ). However, during their reproductive growth, their grain filling was affected. As shown in Fig. 3A , at 5 DAP, the mutant caryopses were inadequately filled compared with those of the WT rice. At 7 DAP, the caryopsis of the WT was fully filled. In contrast, all three mutant lines showed clear filling defects, with wrinkled surfaces, despite equal or even slightly longer and wider caryopsis shells. The differences were clearly visible in the cross-section at the middle of these caryopses (Fig. 3A) . The mutant caryopses were not fully filled as they matured (Fig. 3B) . Scanning electron microscopy (SEM) of the fractured surfaces of mature caryopses showed that the starch granules in the mutants were not as compact as those of the WT rice, but were in a loosely packed state (Fig. 3C ). Not surprisingly, at a later stage of caryopsis development (20 DAP), the panicle position of the OsSWEET11 mutant lines was higher compared with that in the WT rice, as the mutant panicles were lighter (Fig. 3D) . We observed three consecutive generations of OsSWEET11 mutants and confirmed the phenotypes. 
Physiological variations in OsSWEET11 mutants
Sugar is intensively transported in the developing caryopsis at the early stage of rice grain filling (Singh and Juliano 1977, Ishimaru et al. 2005) . As most of the nucellar cells except the nucellar epidermis degenerated shortly after anthesis (Krishnan and Dayanandan 2003, Bai et al. 2015) while endosperm cell in the center of the embryo sac did not take shape then, the sucrose released from the nucellar epidermis was first imported into the aleurone layer cells and was further exported into the embryo sac. Therefore, the sugar concentration in the embryo sac was probably a convenient index of the sugar level transferred from the nucellar epidermis. Using HPLC, we determined sugar concentrations in the embryo sacs of T 2 mutants and WT rice. As shown in Fig. 4A , sucrose concentrations in the embryo sac of the three mutant lines were 10-15 mg ml À1 at 5 DAP, while in the WT rice the sucrose concentration was around 30 mg ml À1 . At 7 DAP, the sucrose concentration in the mutant lines was about 15-20 mg ml À1 compared with the WT level at 25 mg ml À1 . The fructose and glucose only showed marginal or non-detectable levels in the embryo sacs ( Supplementary Fig. S7 ).
Consistent with the decreased sugar concentrations in the OsSWEET11 mutants, the starch content in the mature caryopses of the mutants decreased to around 72% compared with the WT at approximately 75% (Fig. 4B) . In contrast, the sucrose content in mutant seeds (about 1.55%) was slightly higher than that of the WT plant (about 1.48%) (Fig. 4C) . No glucose or fructose was detected in the mature caryopses of the mutant lines and WT control. The 'hundred grain weights' of the mutants were 1.25-1.52 g, while that of the WT rice was approximately 2.29 g (Fig. 4D) . The seed-setting percentage also decreased significantly from around 94% of WT rice to 67-77% of mutant lines (Fig. 4E) . This phenotype was consistent with the previous reports showing that the fertility of RNAiOs8N3 or Xa13 (OsSWEET11) transgenic rice decreased significantly compared with WT plants (Chu et al. 2006 , Yang et al. 2006 . Moreover, OsSWEET11 mutant lines showed slightly delayed development, and their seeds matured about 3-4 d later than those of the WT rice.
In addition, we determined the sugar content of flag leaves in OsSWEET11 mutant lines and WT rice at 12 DAP and found that the mutant leaves showed an average sucrose content varying between 20 and 23 mg g À1 while the WT plants showed an average content of 29 mg g À1 (Fig. 4F) . Interestingly, the starch content of flag leaves did not show significant variation between the WT and mutants (Fig. 4G) . 
Defective grain filling of the mutants was mainly caused by maternal tissues
Previous studies showed that the knockdown of Xa13 or Os8N3 (OsSWEET11) in rice cultivars Zhonghua 11 and Kitake seriously compromised pollen development. As a result, the fertility of the transgenic rice was reduced significantly (Chu et al. 2006 , Yang et al. 2006 ). Cross-fertilization was conducted using m11-3 and WT rice as both paternal and maternal donors alternatively to investigate whether the abnormal caryopsis development of the mutant lines was caused by defective pollen or ovary alone, or both. The results showed that grain filling was seriously defective when the mutant line was used as the maternal donor (Fig. 5A) ; the average weight of 10 hybrid caryopses is 33 ± 3 mg (Fig. 5C) . In contrast, grain filling was adequate when WT rice was used as the maternal donor (Fig. 5B) ; the average weight of 10 hybrid caryopses is 107 ± 11 mg (Fig. 5C) .
Knockout of OsSWEET11 affected sugar transport and metabolism-related gene expression Grain filling is a complex process involved in sucrose transport, carbohydrate hydrolysis and starch synthesis (Patrick and Offler 1995, James et al. 2003) . The knockout of OsSWEET11 led to defective grain filling, suggesting that the process was affected. With WT caryopses as controls, RNA-seq analyses of the caryopses of OsSWEET11 m11-3 at 5 DAP with three biological replicates revealed that the expression of a total of 2,549 genes was affected (Supplementary Table S2 ). The expression of five SWEET genes was regulated significantly among the rice SWEET gene family (Table 1) . Interestingly, no sucrose transporter (SUT) gene expression was significantly influenced in the mutant.
Among the three large categories of cell transcripts, cellular component-related genes were not prominently affected in the mutant. However, the biological process-and molecular function-related genes were intensively regulated. In particular, genes involved in the cellular biosynthetic process, hydrolase activity, cellular component organization and carbohydrate metabolism process were deeply affected ( Supplementary Fig.  S8A ). Not surprisingly, the expression of 179 putative transcription factor genes was regulated in the mutant ( Supplementary  Fig. S8B ).
Discussion
The mechanism of sucrose release from the maternal tissue at the maternal-filial interface in cereal plants has been studied for more than three decades. This study investigated the function of OsSWEET11 during the early stage of rice caryopsis development based on the phenotypes of CRISPR-Cas9-edited mutants and OsSWEET11 promoter activity represented by GUS. The results showed that OsSWEET11 was strongly expressed in the nucellar epidermis (Fig. 2B, C) , and knockout of the gene led to defective grain filling (Fig. 3) . OsSWEET11 encodes a sucrose transporter (Chen et al. 2012 ) on the plasma membrane (Chu et al. 2006 , Chen et al. 2010 ; Supplementary  Fig. S1 ) and SWEET triggers energy-independent efflux (Chen et al. 2010) . Given that the sucrose concentration decreased significantly in the embryo sac of the mutants during the early stage of caryopsis development (Fig. 4A) , this study strongly supports the observation that OsSWEET11 mediated sucrose efflux from the nucellar epidermis at the maternal-filial interface, validating previous studies suggesting that sugar efflux from the nucellar epidermis in rice and wheat was a facilitated diffusion Gates 1981a, Oparka and Gates 1981b, . The panicles of the mutants are much lighter than those of the WT rice due to defective grain filling, and seed maturation was also delayed slightly in the mutant lines. Wang and Fisher 1994 , Wang and Fisher 1995 , Zhang et al. 2007 . Consistent with these phenotypes, the expression of biological process-and molecular function-related genes including five SWEET genes in the caryopsis of the mutant at 5 DAP was down-or up-regulated (Table 1; Supplementary Fig. S8 ). Not surprisingly, caryopsis starch content (Fig. 4B) , grain weight ( Fig. 4D) and fertility (Fig. 4E) were reduced in the mature mutants. The sucrose content in flag leaves of the mutants was reduced (Fig. 4F) although the expression of OsSWEET11 in leaf is low ( Fig. 1; http://ricexpro.dna.affrc.go.jp/). It probably reflects a feedback inhibition of sucrose synthesis in the 'source' organ induced by obstruction of sucrose release in the 'sink' organ (the developing caryopsis) of the mutants. Whether the slightly increased sucrose concentrations in the mature caryopses of the mutants (Fig. 4C) is a result of sucrose accumulation in the ovular vascular trace remains to be elucidated. The cross-fertilization of the mutant and WT rice showed that the mutated maternal donor led to defective grain filling (Fig. 5) . It should be mentioned that despite the prominent role played by OsSWEET11, other SWEET genes such as OsSWEET15, OsSWEET3a and OsSWEET6b were expressed simultaneously with OsSWEET11 and their expression was enhanced in the mutant caryopsis (Table 1 ; unpublished data), which probably explained why the mutants could set seeds although caryopsis development was significantly affected. Despite the fact that they were clustered into the same group in the phylogenic tree ( Supplementary Fig. S9 ), OsSWEET11 played a more important role in different stages of rice caryopsis development than its homolog AtSWEET11 in Arabidopsis seed development since the knockout of AtSWEET11 alone did not confer a visible phenotype (Chen et al. 2015) . In contrast to the apoplastic pathway of sugar transport across the maternal-filial interface, sugar transport within the maternal or filial tissue is commonly mediated through the symplastic pathway (Wang and Fisher 1994 , Patrick 1997 , Lalonde et al. 2003 , Zhang et al. 2007 , Turgeon and Wolf, 2009 . In rice, the knockout of the gene encoding an invertase Grain Incomplete Filling 1 (GIF1, or OsCIN) located in the cell wall of the ovular vascular trace seriously impaired rice grain filling , Wang et al. 2008 , suggesting that the apoplastic pathway of sucrose transport was indispensable for rice caryopsis development. Consistent with this finding, the GUS expression analysis in this study showed that OsSWEET11 promoter activity was observed in the CCs, vascular parenchyma, endosperm cells, nucellar epidermis, cross cells and the pericarp of the caryopsis at 5 DAP ( Fig. 2; Supplementary  Fig. S2 ). Moreover, sucrose in the apoplast released via efflux transporters (e.g. OsSWEET11) may be imported into adjacent cells by OsSUTs (Bai et al. 2015) . It may also be digested by invertases and retrieved by hexose symporters or a uniporter (Sauer and Stadler 1993 , Ruan et al. 1997 . Notably, we detected only marginal or no glucose and fructose in the embryo sacs of developing caryopses at 5 and 7 DAP as well as in mature caryopses ( Supplementary Fig. S7 ). This suggests that sucrose is already the dominant sugar transported at these stages. Previous studies show that OsCIN1 activity can be detected only in the very early stage (1-4 DAP) of caryopsis development , and the activities of both the soluble and insoluble acid invertases decreased drastically in seeds of 5 DAP compared with those of 3 DAP (Ishimaru et al. 2005) . The underlying reason is probably that cellularization and differentiation in the rice embryo sac need different sugars, as hexose is conducive to cell division while sucrose is conducive to cell differentiation (Weber et al. 1996 , Ishimaru et al. 2005 .
Considering the active expression of OsSUT1/3/4 in the aleurone cells (Bai et al. 2015) , this study showed a more detailed pathway of sucrose transport from the ovular vascular trace to the maternal-filial interface during the early stage of rice caryopsis development. As shown in Fig. 6 , most of the sucrose delivered to the ovular vascular trace was transferred from the SE-CC complex to parenchyma cells and further to the pigment strand and nucellar epidermis through plasmodesmata (Oparka and Gates 1981a , Oparka and Gates 1981b , Wang and Fisher 1994 , Wang and Fisher 1995 , Zhang et al. 2007 , Turgeon and Wolf 2009 ). Subsequently, OsSWEET11 located at the membrane of the nucellar epidermis transported the sucrose to the apoplast, which is the maternal-filial interface. The OsSUTs located at the membrane of aleurone layer cells actively imported the sucrose into the cytosol of these cells (Furbank et al. 2001 , Ishimaru et al. 2001 , Scofield et al. 2002 , Bai et al. 2015 , completing the transport across the membrane. Simultaneously, a small portion of sucrose in the ovular CC and parenchyma was exported by OsSWEET11 to the surrounding apoplast and subsequently was retrieved into neighboring cells for metabolism or hydrolyzed by invertases (Ruan et al. 1997 , Ruan et al. 2010 , Braun et al. 2014 . Probably, a similar transport process occurred in the pericarp cells, as the outer integument was a post-phloem extension of the vascular tissue (Stadler et al. 2005) . However, whether sucrose was transported symplastically between cross cells before export via OsSWEET11 remains unclear. In addition, OsSWEET11 was expressed in the endosperm cells (Fig. 2B-D) , suggesting that the protein also played a part in the sucrose transport from outer layers to inner layers of the endosperm during the early stage of caryopsis development.
Materials and Methods
Plant growth conditions
Positively transgenic rice lines or non-transgenic null segregates from the same transgenic families as the WT controls were cultivated in a tissue culture room after molecular identification. They were transplanted into a greenhouse for the harvesting of grains if not in the normal season for growing rice. For physiological and molecular analysis, seedlings of transgenic and control rice about 15 d old after germination were transplanted into a rice field in the north temperature zone (Nanjing, China) in late April each year and allowed to grow in natural conditions.
Gene cloning and plasmid preparation
The coding sequence of OsSWEET11 (LOC_Os08g42350) was amplified according to the nucleotide sequence of a full-length cDNA clone (accession No. AK106127) using rice inflorescence cDNA template and P1/P2 primers (sequences listed in Supplementary Table S1 ). The amplified fragment was then cloned into a pEASY-Blunt vector (Transgene Biotech) and sequenced. The putative promoter of OsSWEET11 (genomic sequence of OsSWEET11 from the translation start code ATG to upstream 1.865 kb) was amplified with Nipponbare genomic DNA template and primers P3/P4 with restriction sites SalI and BamHI, respectively. It was integrated into a modified pCAMBIA1300 vector (with a GUS-coding sequence) or pCAMBIA1302 to drive the expression represented by GUS or GFP (pOsSWEET11::GUS or pOsSWEET11::GFP), and the resulting plasmids were sequenced. The open reading frame (ORF) sequence of OsSWEET11 was amplified with P5/P6 (with restriction sites HindIII and BamHI) and P7/P8 primers (with HindIII and BamHI) and integrated into pSAT6A-EGFP-N1 and pSAT6A-EGFP-C1 (Chung et al. 2005) , respectively, in-frame with the EGFP-coding sequence after digestion to form fusion proteins. Subsequently, the plasmids were digested with restriction endonuclease PIPspI (NEB), and the fused expression cassettes from the digested plasmids were integrated into the pRCS2-ocs-nptII vector (Chung et al. 2005) .
For CRISPR-Cas9-mediated knockout of OsSWEET11, three pairs of specific spacers (sequences listed in Supplementary Table S1 ) of OsSWEET11 were synthesized according to the rice CRISPR database (provided by Professor Lijia Qu) with additional BsaI restriction site sequences at both ends. The annealed double-stranded spacers were inserted into the BsaI-digested pOSsgRNA vector (provided by Professor Lijia Qu). The Gateway Cloning LR reaction (Invitrogen) of the resulting pOS-sgRNA constructs was performed with the destination vector pH-Ubi-Cas9-7 (Miao et al. 2013) , and the resulting plasmids were sequenced. Fig. 6 A schematic diagram based on Oparka and Gates (1981b) showing sugar transport pathways during the early stage of rice caryopsis development from the ovular vascular trace to the maternalfilial interface. A, aleurone layer; C, cuticle; CC, companion cell; CIN, cell wall invertase; Cr, cross cell; E, endosperm; NE, nucellar epidermis; PS, pigment strand; VP, vascular parenchyma; SE, sieve element; X, xylem. ?, represents an unidentified pathway or transporter. The mutant line and WT samples were sequenced in three biological replicates.
Genes with an adjusted P-value <0.05 found by DESeq were assigned as differentially expressed in the mutant based on that of the WT control.
Transient expression of OsSWEET11-EGFP in the tobacco leaf
OsSWEET11-EGFP fusion plasmids were transiently expressed in the pavement cells of Nicotiana benthamiana leaf using Agrobacterium-mediated transformation as described by Xuan et al. (2013) . EGFP fluorescence was detected under a confocal microscope (SP5; Leica) with the pRCS2-ocs-nptII plasmid harboring the p35S::EGFP expression cassette transformed into the tobacco leaf in parallel, as a control.
Transformation and positive transgenic rice
Plasmids harboring pOsSWEET11::GUS or pOsSWEET11::GFP and constructs for CRISPR-mediated knockout were introduced into Agrobacterium tumefaciens strain EHA105 by electroporation, and positive agrobacteria were used to infect rice Nipponbare callus as described by Tang et al. (2012) . The pOsSWEET11::GUS or pOsSWEET11::GFP lines and CRISPR mutant lines were initially screened based on hygromycin resistance. They were subsequently evaluated using GUS staining as described by Ai et al. (2009) and PCR amplification with gene-specific primers P9/P10 (Supplementary Table S1 ); the amplified fragments were sequenced.
Quantitative real-time PCR analysis of the expression of OsSWEET11 in different tissues
Total RNA was extracted from different rice tissues using the TRIzol reagent (Invitrogen), following the manufacturer's protocol. The leaf and root samples were collected from 6-week-old rice plants. Quantitative real time reverse transcription-PCR (qRT-PCR) amplification with primers P11/P12 for targeted OsSWEET11 (accession No. DQ421396) fragments and P13/P14 for OsActin fragments (accession No. AB047313) as a housekeeping gene was performed with three biological replicates as described by Tang et al. (2012) . PCR products were confirmed by sequencing. The expression levels of OsSWEET11 were normalized based on the expression levels of OsActin in different tissues. All the primer sequences for amplification are listed in Supplementary Table S1 .
Histochemical analysis of the activity of GUS
Histochemical staining of the expression of GUS was examined as described by Ai et al. (2009) . Rice tissues from four different transgenic rice lines containing the pOsSWEET11 (1,865 bp)::GUS expression cassette were collected and submersed into a GUS reaction mix [0.05 mM sodium phosphate buffer (pH 7.0), 1 mM X-gluc and 0.1% (v/v) Triton X-100], and were incubated at 37 C overnight. Root sample was collected from 7-day-old rice seedlings. To obtain permanent microscope slides, the GUS-stained tissues were rinsed and fixed in FAA solution (formalin : glacial acetic acid : 50% ethanol = 1 : 1 : 18) for 24 h, and were then embedded in Epon812 (Sigma), as described by Coulter (1967) , and sectioned. The slides were observed and photographed using an Olympus microscope (BX51).
Scanning electron microscopy
Dry caryopses of the OsSWEET11 mutant lines and WT rice were truncated at the longitudinally middle position of their caryopses, followed by vacuum sputtering of gold nano-particles on the surface of samples. SEM observation was performed using a Hitachi S-3000N at an accelerating voltage of 10 kV.
Determination of sugar concentration in the embryo sac of rice caryopsis during its early development stages Rice caryopses of the transgenic mutants or WT control at 5 and 7 DAP were used for the determination. First, the upper one-third of the caryopses of each line were excised to collect a pooled embryo sac solution using a pipette with 10 ml tips. The pooled solutions from different transgenic lines or control were transferred to the 200 ml PCR tubes. When the solution in each tube extracted from the mutants or control caryopses reached 15 ml, the PCR tubes were centrifuged, and the upper 2 ml of supernatant were transferred to clean tubes. These liquid samples were diluted to 20 ml and purified through Millipore filters (0.45 mm). The purified solution was transferred into a 2 ml sample vial with a 150 ml insert tube (Shimadzu) before determination by an Agilent HPLC 1200. The drift tube temperature for the ELSD (Alltech 3300) was set at 80 C and the carrier gas N 2 flowed at 1.2 ml min À1 . The column (Prevail Carbohydrate ES 5m) temperature was 50 C. The flow rate of the mobile phase comprising acetonitrile : water (70 : 30, v/v) was 1.0 ml min À1 . Sugar calibration curves for the HPLC determination were prepared with sucrose, glucose and fructose from Sigma (purity >99%) and they were diluted to 0.5, 1, 2, 3 and 4 mg ml À1 . Each mutant line or control sample was collected and analyzed in three biological replicates.
Determination of starch and sucrose concentration in mature rice caryopses and flag leaves
Starch concentration was determined based on the method of Holm et al. (1986) . About 2 g of caryopsis powder (È <0.425 mm) of the OsSWEET11 mutants or WT control was washed with 50 ml of petroleum ether five times to eliminate the fat in the caryopses, followed by washing with 100 ml of 85% ethanol to remove the dissolvable sugar. The dry residue was washed with 50 ml of distilled water and was transferred to a beaker. The beaker was incubated in boiling water for 15 min and 20 ml of thermostable a-amylase solution was added when the temperature of the suspension in the beaker fell below 60 C. The suspension was kept at 55-60 C for 60 min with regular stirring. It was heated to 100 C when the starch in the suspension was digested completely. After cooling, water was added into the suspension to 250 ml. The suspension was then filtered and 50 ml of the filtered solution was transferred into a beaker. After adding 5 ml of 18.25% HCl, the solution was transferred into a reflux condenser and was incubated in boiling water for 60 min. After cooling, the pH of the solution was adjusted to neutral with 200 g l À1 NaOH. The sugar concentration of the solution was determined using Fehling's reagent. Sample starch concentration was calculated according to the sugar concentration determined. All the samples were prepared and determined in three biological replicates. For sucrose, glucose and fructose determinations, about 2 g of caryopsis powder was first dissolved in 50 ml of distilled water, followed by adding 5 ml of zinc acetate solution and 5 ml of potassium ferrocyanide solution. Distilled water was added into the suspension to 100 g and the suspension was stirred regularly for 30 min. It was purified by filter paper and Millipore filter (0.45 mm) before HPLC determination.
The starch and sugar concentrations of rice leaf were determined with the anthrone method (Cerning 1975, Hansen and Moller 1975) .
RNA-seq analyses of genes differently expressed during the early developmental stage of caryopses of the OsSWEET11 mutant Rice caryopses of the WT and the mutant line 3 (m11-3) at 5 DAP were collected in three biological replicates. The total RNAs were extracted using the TRIzol reagent as described earlier. RNA quantification, qualification, library preparation for strand-specific transcriptome sequencing, clustering and sequencing, data analysis and quality control were conducted by Novogene (http://www.novogene.com/) according to their protocol. Differential expression analysis of the genes in the mutant and WT was performed using the DESeq R package (version 1.18.0). DESeq provides statistical routines for determining differential expression in a digital gene expression data set using a model based on the negative binomial distribution. The resulting P-values were adjusted using the Benjamini and Hochberg's approach for controlling the false discovery rate. Genes with an adjusted P-value <0.05 found by DESeq were assigned as differentially expressed. After quantifying gene expression levels, gene ontology and genome enrichment analyses of differentially expressed genes were performed.
Supplementary data
Supplementary data are available at PCP online. 
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